INTRODUCTION
Lower levels of condensate in cigarette smoke are being sought in various ways. Manufacturers can lower condensate but most of the methods used lower smoke nicotine and other smoke constituents simultaneously. Tobacco breeders are attempting to develop lines of tobacco whose cured leaf, upon pyrolysis, delivers less condensate in the smoke. Condensate is defined by the Federal Trade Commission (FfC) as total particulate matter collected on a standard Cambridge filter pad, after cigarettes have been smoked under specific con---·ditions, minus nicotine and water. Condensate consists of many constituents and would appear tO be difficult to change through genetic manipulations. Russell (11) suggested that we should aim toward lowering the yield of constituents such as condensate, carbon monoxide and others, without a concomitant lowering of nicotine. According to his suggestion, if this were accomplished the smoker would not consume more cigarettes to compensate for. the low delivery of nicotine from low-condensate -low-nicotine cigarettes. Hence the condensate : nicotine ratio may be important in developing lines of tobacco that will deliver lower levels of condensate on pyrolysis. It has come to the attention of the authors that Russell and other investigators have somewhat changed their viewpoint on reducing condensate but not nicotine when they found that cigarettes, whose smoke showed a condensate to nicotine ratio less than 8 or 9, were rejected by consumers. The purpose of this paper was to review the research· on breeding for varying levels of condensate delivery, to present data from our own reseanh, and to make suggestions for future attemps to develop tobaccos that de- liver low condensate or that delivei:.smoke with a lower condensate : nicotine ratio.
Matzinger and ·Wermman (7) studied certain smoke constituents delivered by a synthetic population of eight commercial cultivars of flue-cured tobacco. They showed significant genetic variations for cigarette weight, total alkaloids, puff/cigarette, wet total particulate matter (WTPM)/cigarette, and WTPM/puff. WTPM ranged from 25.2 to 36.6 mglcigarette. They concluded that changes in total particulate matter (TPM) could be accomplished by breeding. In attempting to develop lines of tobacco· that yield low condensate, a large number of samples have to be assayed. This is difficult with the FTC condensate method because it requires samples whidt contain relatively large quantities of tobacco. Long and Wilson (6) described a procedure to estimate the particulate matter of cigarettes by pyrolyzing a 1 gram sample of tobacco. Therefore, by using the particulate matter index (PMI) technique, it is possible to analyze a large number of samples. Wernsman et al. (13) reported that PMI of 120 random F:; lines from a Hicks X Coker 139 F 1 ranged from 174 to 226 mg/g. Estimated PMI reduction in the next generation, obtained by selecting the lowest 8.3 Ofo of lines in the population, was 10.2 mg/g or 5.1 O/o of the population mean. Later, Matzinger et al. (8) reported that selection of PMI within a black shank-resistant synthetic population for reduced particulate matter in tobacco smoke was effective in obtaining a population whic:h produced 14.3 Ofo less PMI after three cycles of recurrent mass selection._ This selection also lowered FfC condensate, but to a lesser extent. They also concluded from their study that selection for lower PMI would also lower leaf and smoke nicotine. Preliminary results indicate that selection for higher levels of nicotine and lower PMI can be accomplished if selections for b9th constituents are made concomitantly.
Davis et al. (3) compared the PMI to cigarette condensate values for cenain Burley tobacco genotypes and found that the ranking of genotypes was not the same for both methods; thus the two methods may not be comparable.
Data from experiments conducted at Oxford, N. C., in a program to develop tobaccos with lower condensate delivery, are presented in this paper.
MATERIALS AND METHODS

Cigarette Fabrication and Condensate Collection
After the tobacco was flue-cured, all of the primings from a plant were combined so eadt sample represented all of the tobacco produced on the plant. '!be tobacco was stemmed and the lamina made into 85 mm non-filter cigarettes. '!be cigarettes were selected for weight and constant draw pressure (7.5 cm Hg) at a flow rate of 17.5 cm 1 /s and kept at a constant relative humidity, 60 O/o, and temperature, 23.9 °C. '!be weights of the cigarettes varied among the samples; however, the weights of all cigarettes within a sample were constant. For ead!. sample, 40 cigarettes were smoked on a 20-port Phipps and Bird smoking mad!.ine*, under standard conditions, to a 23 mm butt length as described by Pillsbury et al. (9) and the wet particulate matter was collected on 10 Cambridge filters (4 cigarettes per filter).
Cigarette Characterization
Data on a cigarette basis were obtained for weight, total particulate matter, nicotine, water, and puff count. Condensate delivery values per cigarette were calculated by subtracting nicotine and water from total particulate matter. '!be condensate I g of tobacco smoked was based on the amount of tobacco in the 62 mm portion of the cigarette actually smoked. Water and nicotine in total particulate matter were determined by the methods of Watson et al. (12) and Randolph (10) , respectively.
Procedure for Particulate Matter Index (PM/) Determination
'!be procedure for PMI determination was a modification of that reported by Long and Wilson (6) . '!be cured leaf was stemmed, dried for approximately 48 hat 65°C, and conditioned at approximately 21 °C and 60 Ofo relative humidity for grinding. '!be samples were ground in a Wiley Mill* through a 2 mm screen. '!be ground samples were sieved through two screens: a coarse screen with an 850-micron mesh and a fine screen with a 500-micron mesh. '!be tobacco passing through the coarse screen and retained on the fine screen was used for the PMI determination. '!be ground and sized samples were brought to moisture equilibrium at 21.1 °C and 60 O/o
• Rderenu to a company or produ~< name doeo no< imply ~pproval <>< recommuduion by 1he United S1atH Dep~rrm•;>• of Agricul<ure.
relative humidity in a constant temperature-relative humidity room. A 1 g sample of tobacco was placed in a Pyrex combustion tube. A pre-weighed Cambridge filter holder and pad were attad!.ed to the combustion tube and connected to a vacuum. '!be combustion tube was placed in a furnace at 620 °C. '!be Cambridge filter holder and pad were reweighed and the weight increase following pyrolysis was used as the PMI. Duplicate particulate matter indices (PMI) were d~<termined for eadt sample. '!be remaining tobacco from eadt sample was redried, reground and analyzed for total alkaloids by the Griffith procedure (4).
RESULTS AND DISCUSSION
Data are presented by experiments because it is invalid to compare data from one experiment with another since condensate and nicotine deliveries are considerably altered by the weather and cultural conditions to whid!. the tobaccos were exposed. • Condensate = TPM -nicotine -~0.
Condensate
•• The cigarettes were 85 mm long and smoked to a butt le119th of 23 mm; therefore, the condensate I g of tobacco smoked was based on the weight of the 82 mm smoked. + n.s. = not significant.
densate I g of tobacco smoked ranged from 26.6 mg/g (Hicks-Mammoth) to 35.2 (Coker 319). When the condensate I g of tobacco smoked was calculated, the range was not as great. Condensate I g of tobacco smoked is a better measurement of the genotype potential for condensate delivery than condensate/cigarette. The condensate :nicotine ratio ranged from 6.3 for TI 1480 to 44.2 for LAFC 53. The test indicated that Maryland 609 condensate delivery was low. Also, Wernsman et al. (13) concluded the PMI was lower for Maryland cultivars.
Effect of Curing on Condensate Delivery Levels of Maryland and Flue-cured Tobacco
Three cultivars were compared: Maryland 609, NC 2326, and Coker 319. Each cultivar was subjected to both air and flue-curing. The tobacco was grown at Whiteville, .
• Condensate = TPM -nlcoUne -~0.
•• The cigarettes were 85 mm long and smoked to a butt length of 23 mm; therefore, the condensate I g of tobacco smoked was based on the weight of the 82 mm smoked.
N. C., by using the same production practices as for flue-cured, including transplanting, cultivation, fertilization, and sucker control treatmeru: with maleic hydrazide (1). Cigarettes were made from the cured leaf and smoked by the method previously described in this paper. Condensate/cigarette was lower for air-cured than for fluecured tobacco. Cigarettes from Maryland 609 delivered less condensate than those from the flue-cured cultivars when they were either air or flue-cured (Table 3 ). The nicotine in the smoke was related to the total alkaloids in the cured leaf; however, the smoke from Maryland 609 had less nicotine/cigarette than that from either of the flue-cured cultivars. When condensate I g of tobacco smoked was compared there was no difference between cultivars when flue-cured. Also, there was no difference in condensate I g of tobacco smoked for flue-cured culti- • Condensate = TPM -nicotine -Hz().
•• The cigarettes were 85 mm long and smoked to a butt length of 23 mm; therefore, the condensate I g of tobacco smoked was based on the weight of the 62 mm smoked.
vars, whether air or flue-cured. There was lower condensate I g of tobacco smoked when Maryland 609 was air-cured.
Effect of Burley and Flue-cured Genotypes on Condensate Delivery
Five flue-cured and five Burley cultivars were evaluated at Reidsville, N. C. (5) . All lines were grown in singlerow plots consisting of 20 competitive plants under fluecured culture. All plots were hand-primed and fluecured. A representative sample of leaves was collected from each plot, midribs were removed and lamina was made into cigarettes. Statistically significant differences in smoke components were found for seven of the ten traits, but all Burley cultivars were not significantly different from all fluecured cultivars for any trait (Table 4) . Burley cultivars were generally higher in condensate I g of tobacco smoked. There were significant differences among Burley cultivars in condensate I g of tobacco smoked and in condensate : nicotine ratio. Condensate I g of tobacco smoked was a better parameter than condensate/cigarette for studying genetic variability for condensate delivery, because of variations in physical traits of cigarettes. All of the flue-cured cultivars were lower than Burley cultivars in delivery of condensate I g of tobacco smoked. Burley 49 was an exception with condensate delivery equal to that of fluecured cultivars.
Comparison of Condensate Delivery to Genetically Altered Nicotine Levels
In 1967, a project was initiated at the Oxford Tobacco Research Laboratory to transfer the genetic trait for low nicotine into several commercial cultivars of flue-cured tobacco and to determine the influence of this trait on other maracteristics {2). The low nicotine maracter was transferred into 10 flue-cured cultivars by the backcross method. The cultivars used as recurring (Table 5) . On an average, this was 4 mg of condensate/cigarette; however, when the condensate I g of tobacco smoked was calculated, the differences were not as large. Therefore, condensate delivery did not decrease appreciably when nicotine levels were decreased but the condensate : nicotine ratio increased considerably. The use of low-nicotine lines to reduce condensate delivery may not be desirable.
Particulate Matter Index of -· Tobttcco Introductions and Cultivars
One hundred and eighty lines and cultivars were grown at Oxford, North Carolina, in 1977 and 1978. The lines represent a wide range of material; however, most were selected from the Tobacco Introduction (TI) group maintained by the U. S. Department of Agriculture. Extreme variations in growth maracteristics were sought. The material was replicated twice in both years and PMI and percent total alkaloids (TA) were determined on cured leaf. There was considerable variation for PMI between years. The average index ranged from 202 for PI 418595 to 285 for TI 426 (Table 6 ). There appeared to be an association between percent total alkaloids in the leaf and the PMI. • Condensate = TPM -nlcoUne -H20.
+ Values for low-alkaloid lines are means of five lines In each family.
Lowering the Condensate: Nicotine Ratio
Data from previous tests suggested that the best way to lower the condensate : nicotine ratio is by increasing the nicotine level and, at the same time, maintaining or lowering condensate levels. High nicotine lines were selected from the germplasm bank maintained by the Oxford Tobacco Researm Laboratory, to test the condensate: nicotine ratio. In 1979, these lines and several others were planted. In that test, yield and other agronomic maracteristics were not considered. The ratio of condensate: nicotine ranged from 5.3 (TI 717) to 75.0 for one of the low-nicotine lines (Table 7) . Nicotiana rustica whim had a ratio of 7.1 was also included in the test. (14) reported a method for pred~cting condensate levels by multiple regression procedures by using data from various dtemical determinations on the cured leaf. Chemicals determined were: petroleum ether extract, alcohol-dtloroform extract, wax, holocellulose, total alkaloids, total nitrogen, alpha amino nitrogen, polyphenols, ash, reducing sugars, and stardt. A high level of precision in predicting the condensate deliveries was obtained by using data from seven of the chemical constituents. Data from as few as four dlemical constituents of the leaf were useful in developing a prediction equation for the estimation of condensate in tobacco smoke. •• The cigarettes were 85 mm long and smoked to a butt length of 23 mm; therefore, the condensate I g of tobacco smoked was based on the weight of the 82 mm smoked.
CONCLUSIONS
1. Condensate deliveries among lines of tobacco varied with the environment, cultural practices, and the weather conditions under which the tobacco was produced.
158 ** The cigarettes were 85 mm long and smoked to a butt length of 23 mm; therefore, the condensate I g of tobacco smoked was based on the weight of the 82 mm smoked.
2. Condensate I g of tobacco smoked is a better index than condensate/cigarette for evaluation of condensate delivery of breeding lines.
3. The range of condensate deliveries and the condensate : nicotine ratios for present flue-cured cultivars are small.
4. When classes of tobacco were compared for condensate deliveries, Burley was high and Maryland low.
5. Flue-cured generally delivered less condensate than Burley.
6. Low-nicotine tobaccos do not have the potential for lowering condensate delivery, because of their high condensate :nicotine ratios.
7. The particulate matter index (PMI) may be used to screen large numbers of samples; however, a smoke test is required prior to making a final judgment as to condensate deliveries.
8. The PMI appeared to correlate better with condensate I g of tobacco smoked than with condensate/cigarette.
9. To alter the condensate :nicotine ratio the high-nicotine lines appeared most promising.
10. Condensate deliveries from tobacco are controlled by multiple genetic factors. Breeding procedures which accumulate large numbers of genes should be the best method to use. This does not preclude the use of other methods such as the pedigree, dihaploid and interspecific hybridization.
11. For the breeder to develop lines that deliver low condensate and have good smoking flavor, it will be necessary, simultaneously, to select for certain flavor compounds. More researdt is needed in this area so that breeders will be able to select for certain flavor-related constituents.
12. Condensate and nicotine deliveries appear to be associated; therefore, selections for both nicotine and condensate are necessary in order to modify the condensate : nicotine ra_tio.
13. More evaluation, such as their smokeability, is needed on lines of tobacco with high nicotine levels.
SUMMARY
Condensate deliveries from cigarettes can be reduced by manufacturers in various ways. Lines or cultivars of tobacco can also be developed whose cured leaf, upon pyrolysis, delivers less condensate in the smoke. Since there appears to be an association between condensate and nicotine in smoke, the condensate ~nicotine ratio is important to the development of lines of tobacco that deliver low condensate levels. Experiments were conducted to evaluate the potential for genetically controlling condensate delivery in cigarette smoke and data are presented. In general, when comparing the condensate delivery potential for different classes of tobacco, Burley delivered higher condensate values followed by dark fire-cured, dark air-cured, flue-cured and Maryland cultivars. In selecting genotypes for lowering condensate deliveries, the condensate I g of tobacco smoked is a better index than condensate/cigarette. In evaluating low-alkaloid tobaccos, the condensate delivery did not decrease appreciably as the total alkaloids were decreased. On an average, the decrease was about 4 mg of condensate/cigarette when compared with normal-alkaloid types but the condensate : nicotine ratio increased greatly.
The ratio of condensate : nicotine was lowered when lines high in nicotine were produced. In one test reported, the ratio of condensate : nicotine ranged from 5.3 (TI 717) to 75.0 for a low-nicotine line. N. rustica had higher nicotine than N. tabacum cultivars and a lower condensate: nicotine ratio. The gene(s) responsible for the production of nicotine in N. rustica were transferred into N. tabacum and some of the derived lines had a nicotine content about 1 °/o higher than SC 58, the highest-nicotine cultivar, or flue-cured tobacco available.
The condensate delivery I g of tobacco smoked was lower for these lines when compared with SC 58. All of the lines tested gave a condensate: nicotine ratio lower than se 58. The data showed that condensate deliveries from tobaccos vary with the environment, cultural practices and the weather conditions under which the tobacco is produced. To make progress in breeding for lower condensate delivery in tobacco, it is necessary to assay large numbers of samples and methods for doing this were discussed. To breed low-condensate delivery lines with good smoking flavor, it will be necessary, simultaneously, to select for certain flavor compounds. More research is needed on flavor chemicals of tobacco and their relationship to condensate. 
